Oxidative stress plays a critical role in cerebral ischemia/reperfusion (I/R)-induced blood-brain barrier (BBB) disruption. Panax notoginseng saponins (PNS) possess efficient antioxidant activity and have been used in the treatment of cerebral ischemic stroke in China. In this study, we determined the protective effects of PNS on BBB integrity and investigated the underlying mechanism in cerebral microvascular endothelial cells (bEnd.3) exposed to oxygen-glucose deprivation/reperfusion (OGD/R). MTT and LDH release assays revealed that PNS mitigated the OGD/R-induced cell injury in a dose-dependent manner. TEER and paracellular permeability assays demonstrated that PNS alleviated the OGD/R-caused disruption of BBB integrity. Fluorescence probe DCFH-DA showed that PNS suppressed ROS generation in OGD/R-treated cells. Immunofluorescence and western blot analysis indicated that PNS inhibited the degradation of tight junction proteins triggered by OGD/R. Moreover, mechanism investigations suggested that PNS increased the phosphorylation of Akt, the activity of nuclear Nrf2, and the expression of downstream antioxidant enzyme HO-1. All the effects of PNS could be reversed by co-treatment with PI3K inhibitor LY294002. Taken together, these observations suggest that PNS may act as an extrinsic regulator that activates Nrf2 antioxidant signaling depending on PI3K/Akt pathway and protects against OGD/R-induced BBB disruption in vitro.
Introduction
Stroke is one of the leading causes of adult death and long-term disability worldwide. Acute ischemic stroke, resulting from arterial occlusion in the brain, makes up more than 80% of all the cases [1, 2] . Nowadays, thrombolytic therapy with recombinant tissue plasminogen activator (rtPA) continues to be an important medical therapy in the management of acute ischemic stroke within 3-4.5 h of symptom onset [3, 4] . However, the cerebral ischemia and reperfusion with thrombolysis treatment may result in serious brain injury, such as intracerebral hemorrhagic transformation (HT), with complex pathological mechanisms, and partially due to the oxidative stress and disruption of the BBB [2, 4] . PNS may benefit acute ischemic stroke with thrombolytic treatment by the means of BBB protection through anti-oxidative stress.
Results

PNS Alleviated the Injury of bEnd.3 Cells after OGD/R Insult
To ascertain the protective effects of PNS against OGD/R-induced injury, we first conducted a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to examine the cell viability in different treatment groups. As displayed in Figure 1A , the viability of bEnd.3 cells was significantly decreased in different OGD/R groups compared to the control group. Noticeably, the decrease was more distinct with the extension of injury time (decreased from 19.9% in OGD4h/R12h to 39.7% in OGD8h/R12h). As a whole, different concentrations of PNS (200 µg/mL to 400 µg/mL) could increase the cell viability more obviously in OGD6h/R12h group (up to 19.6%) compared with the other two groups ( Figure 1A ). To further confirm the protective role of PNS, we next evaluated the cytotoxicity in bEnd.3 cells following OGD6h/R12h insult by LDH release assay. As shown in Figure 1B , cytotoxicity in OGD/R group increased by approximately 2.5 times compared to the normal control group, and PNS intervention reduced the cytotoxicity by up to 35.5%. Taken together, these results suggested that PNS alleviated OGD/R-induced injury of bEnd.3 cells. 
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PNS Attenuated the OGD/R-Induced Disruption of In Vitro BBB Integrity
To evaluate the effects of PNS on the in vitro BBB integrity under OGD/R condition, bEnd.3 cells were cultured in transwell inserts under normoxia for 8 days until the peak TEER value ( Figure  2A ,B). Further investigation suggested that the TEER value of the bEnd.3 monolayer decreased in a similar manner with the cell viability under different OGD/R conditions (decreased from 12.4% in OGD2h/R12h to 65.3% in OGD6h/R12h) ( Figure 2C ). However, inconsistent with the results of MTT assay, PNS showed no noticeable protective effect against the TEER decrease in OGD6h/R12h group, but distinct recovery in OGD4h/R12h group (up to 23.2%). Furthermore, PNS also showed a weak protective effect against TEER decrease in OGD2h/R12h group. The barrier protective effect of PNS was further demonstrated by the paracellular diffusion of FITC-dextran (70 kDa) across the cell monolayer subjected to OGD4h/R12h. As shown in Figure 2D , the concentration of FITC-dextran in the lower chamber (abluminal) was significantly increased in OGD/R group (86.1% versus control group), and noticeably decreased with PNS intervention (up to 42.1% versus OGD/R group). These date suggested that PNS treatment could improve microvascular endothelial barrier function insulted by moderate OGD/R injury. 
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PNS Inhibited the OGD/R-Induced ROS Generation in bEnd.3 Cells
The intracellular ROS level was detected by DCFH-DA, a fluorescent reagent that acts as ROS indicator. The results of fluorescence detection demonstrated that ROS level was significantly increased in OGD4h/R12h group compared to the control group. This phenomenon is partially blocked by the PNS treatment. Concentrations of 300 μg/mL and 400 μg/mL notably decreased the intracellular ROS level, compared to the OGD/R group ( Figure 3A) . 
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The intracellular ROS level was detected by DCFH-DA, a fluorescent reagent that acts as ROS indicator. The results of fluorescence detection demonstrated that ROS level was significantly increased in OGD4h/R12h group compared to the control group. This phenomenon is partially blocked by the PNS treatment. Concentrations of 300 μg/mL and 400 μg/mL notably decreased the intracellular ROS level, compared to the OGD/R group ( Figure 3A) . We also quantified the fluorescence intensity using a microplate reader. The graph showed a similar result as fluorescence microscopy ( Figure 3B ). These findings revealed that PNS inhibited the OGD/R-induced ROS production in bEnd.3 cells.
PNS Mitigated the OGD/R-Induced Degradation of Tight Junction Proteins
To further demonstrate the protective effects of PNS on the integrity of the barrier with OGD/R challenge, we investigated the expression of ZO-1, a tight junction protein, by immunocytochemistry ( Figure 4A ). In addition, the expression of ZO-1 and claudin-5 were evaluated by western blot analysis ( Figure 4B,C) . OGD4h/R12h injury obviously decreased the tight junction expression compared to the control group. PNS treatment, especially with the concentration of 400 µg/mL, could upregulate the decreased expression of ZO-1 and claudin-5 after OGD4h/R12h. These results indicated that PNS mitigated the degradation of tight junction proteins induced by OGD/R insult, which might further maintained the integrity of the bEnd.3 monolayer.
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PNS Activated Akt-Nrf2 Relating Pathway in bEnd.3 Cells Subjected to OGD/R
To illuminate the underlying mechanism of the protective effects of PNS, we utilized commercial kits and performed ELISA assays ( Figure 5 ). Nrf2 is a key transcription factor that triggers the expression of antioxidant proteins, including HO-1, under specific conditions. The results of our studies revealed that nuclear Nrf2 activity, together with its downstream protein HO-1 expression, were not altered significantly after exposure to OGD4h/R12h. However, both of them were significantly upregulated with the treatment of PNS compared with the OGD/R group ( Figure  5A ,B). Next, according to the previous studies [30] [31] [32] , we hypothesized the PI3K/Akt as the upstream signal to modulate the Nrf2/HO-1 pathway in our investigation. The quantitative graph in Figure 5C showed that the p-Akt/Akt ratio was upregulated in OGD/R group compared with the level in the control group. Moreover, the ratio was further increased with the intervention of PNS despite the OGD4h/R12h insult ( Figure 5C ). 
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Interestingly, LY294002, a specific inhibitor of PI3K, mostly inhibited the effects of PNS on the upregulation of p-Akt/Akt ratio, nuclear Nrf2 activity and HO-1 expression ( Figure 6A-C Interestingly, LY294002, a specific inhibitor of PI3K, mostly inhibited the effects of PNS on the upregulation of p-Akt/Akt ratio, nuclear Nrf2 activity and HO-1 expression (Figure 6A-C) . Furthermore, all the protective effects described above, such as cell viability, cytotoxicity, ROS level, monolayer integrity or TJs expression, were diminished with the interference of LY294002 ( Figure 6D-I) . These date revealed that PNS could activate Nrf2 in bEnd.3 cells subjected to OGD/R and that these effects were PI3K/Akt dependent.
Discussion
Ischemic stroke is a leading cause of adult death and disability worldwide, with oxidative stress playing a crucial role in the injury mechanism of thrombolytic therapy [28, 38] . Accumulating evidence indicates that oxidative stress injures endothelial cells, degrades TJs and contributes to an increase in BBB permeability [26, 39, 40] . It has been demonstrated that BBB disruption might be the a cause rather than a consequence of brain neuron injury and increase the risk of intracerebral hemorrhagic transformation in ischemic stroke [4, 13] . However, scientists almost focus their attention on neurons and brain parenchyma during the stroke treatment and overlook the direct BBB protection [10, 11] . PNS are widely used in the prevention and treatment of cerebral ischemic stroke in China and reported to protect neurons against OGD/R insult [14, 17, 35] . Previous studies have proved that PNS or the active compounds could reduce ROS generation, alleviate oxidative stress-induced injury [20, 21, 23] , and also have the ability to activate Nrf2 under different pathological conditions [35] [36] [37] . However, to our knowledge, it has not been illustrated whether PNS have the protective effects against I/R-induced injury of brain microvascular endothelial cell and disruption of BBB integrity. In addition, the underlying mechanisms have not been investigated yet. In our study, ROS level was significantly elevated in bEnd.3 cells with the stimulation of OGD/R, which resulted in the decreased cell viability and increased cytotoxicity. Meanwhile, excessive ROS also disrupted the BBB integrity, which is featured by the decreased TEER, increased permeability and reduced TJs expression. Conversely, PNS treatment suppressed ROS generation and alleviated the injuries above, especially sustained the integrity of in vitro BBB model. A key finding of this study was that Nrf2 might play a pivotal role in the protective effects of PNS, and the impact of PI3K inhibitor revealed that the upregulation of nuclear Nrf2 activity might be mediated through PI3K/Akt signaling pathway. All these results indicated that the protective effects of PNS on BBB endothelial cells were closely related to the antioxidant activity.
To embody the protective effects of PNS in the greatest extent, the appropriate injury time (degree) of OGD/R was firstly explored in MTT assay, covering from OGD2h/R12h to OGD10h/R12h with the interval of 2 h (data not fully shown in Figure 1A ). It was assumed that moderate injury (OGD4h/R12h) might influence the cell proliferation with little cell death, and the decreased cell viability in OGD/R group was due to the decreased cell proliferation compared to the control group. Actually, it was demonstrated that the cell viability was not significantly influenced by OGD4h/R12h insult when the cells were completely confluent, but decreased by approximately 8.2% with OGD6h/R12h injury (data not shown). In our study, PNS afforded the best protective effects in OGD6h/R12h group, while no noticeable effects in OGD2h/R12h or OGD10h/R12h. This phenomenon might be explained by the injury degree. Too severe injury (cell viability decreased by 53.2% in OGD10h/R12h) might lead to serious influence of cell proliferation accompanied with large-scale cell death that PNS could not alleviate. While too mild injury (cell viability decreased by 1.8% in OGD2h/R12h) might just result in weak influence of cell proliferation, which compressed the protective effect of PNS. Further, the protective effect of PNS on OGD6h/R12h injury was confirmed via LDH release assay. In the research of the in vitro BBB integrity in TEER assay, it was found that the injury of OGD6h/R12h is not appropriate that PNS lost the protective role. Then the injury time was shortened to OGD4h/R12h and the protective effects of PNS re-emerged. This difference might also result from the influence of injury degree. Compared to the OGD4h/R12h group, OGD6h/R12h resulted in more TJs loss accompanied with cell death, and led to severer damage of BBB integrity that PNS could not mitigate. In another word, just like the OGD10h/R12h-induced serious injury of cell viability in MTT assay, OGD6h/R12h resulted in relatively severe damage of BBB integrity, and this degree of damage was not appropriate for the evaluation of the PNS protection against the barrier disruption. As a result, OGD4h/R12h was considered as the appropriate injury time in the following experiments.
Excessive reactive oxygen species (ROS) are produced during brain ischemia/reperfusion and contribute to a series of injury including BBB disruption, inflammation and cell apoptosis [25] . Previous investigations have indicated that antioxidants could inhibit ROS generation and attenuate BBB disruption after cerebral ischemia/reperfusion [2, 11] . In the present study, intracellular ROS were significantly upregulated with the OGD/R stimulation, along with the disruption of the bEnd.3 monolayer integrity, as evidenced by the decreased TEER and increased FITC-dextran extravasation. PNS efficiently suppressed the ROS generation due to the antioxidant activity and mitigated the damage of the in vitro BBB integrity. During the period of FITC-dextran diffusion, the transwell inserts were kept under a consistent 37 • C condition, which could not be achieved during the TEER measurement. The slight distinction of the experimental temperature accompanied with different cell state might lead to better protective effect of PNS in the paracellular permeability assay ( Figure 2C , middle group) than the TEER experiment ( Figure 2D ). ZO-1 is a major protein in tight junctions, which are crucial to maintain the BBB integrity [41] . Claudin-5 is reported to be an essential molecule that aggravates the disruption of BBB in I/R condition [2] . Both of them are susceptible to ROS attack [42] . To further demonstrate the protective effects of PNS on impaired BBB function, the expression of ZO-1 and claudin-5 was examined in bEnd.3 cells with OGD/R insult. The results suggested that PNS might prevent BBB disruption during I/R injury by inhibiting degradation of ZO-1 and claudin-5 tight junction proteins through antioxidation.
In recent years, researchers have paid particular attention to the PI3K/Akt/Nrf2/HO-1 pathway that plays a pivotal role in the resistance to oxidative stress [43] [44] [45] . Nrf2 is a transcription factor that can regulate endogenous antioxidant defense and also a molecular target for pharmacological resistance to oxidative damage [24, 25] . Actually, under physiological conditions, Nrf2 is initially located in cytoplasm inactively due to its combination with Keap1 [29] . Once stimulated by external stimuli, Nrf2 dissociates from the complex and subsequently translocates into the nucleus, where it binds to the antioxidant response element (ARE) with musculoaponeurotic fibrosarcoma (Maf) protein and activates the expression of related phase II detoxifying antioxidant enzymes [29, 46] . HO-1 is a critical downstream antioxidant enzymes of Nrf2. It has been suggested to be effective in protecting against OGD/R-induced neuronal injury and promoting antioxidant protection [46] . In addition, Nrf2 activator has been demonstrated to mitigate hemorrhagic transformation in cerebral ischemia by upregulating the TJs expression and maintaining the BBB integrity [47, 48] . In our study, the DNA-binding activity of Nrf2 that translocated into the nucleus was significantly upregulated in the PNS treatment groups compared with OGD/R group, and the expression of downstream HO-1 was also upregulated with PNS intervention. Whereas, neither of them was significantly influenced by OGD/R challenge, which was consistent with the preceding study [12] . Previous reports show that the activation of PI3K/Akt signaling can trigger the nuclear translocation of Nrf2 to suppress ROS and promote cell survival [43, 45] . Actually, Nrf2 activation can also be regulated through other pathways, such as MAPK kinases (JNK, ERK, and p38), but panaxatriol saponins in Panax notoginseng have no effect on the phosphorylation of these MAPK kinases [37] . Thus, the potential effect of PNS on the activation of PI3K/Akt was hypothesized based on the previous reports [33, 34] . In this study, the results showed that OGD/R slightly upregulated Akt phosphorylation, and PNS treatment further stimulated the phosphorylation of Akt despite the influence of OGD/R. Interestingly, the activation of Nrf2, inhibition of ROS and protection of BBB integrity were reversed when the expression of p-Akt was down-regulated by LY294002, a PI3K inhibitor that disturbed PI3K/Akt pathway. Taken together, these results suggested that the effects of PNS are related to the activation of Nrf2/HO-1 pathway via PI3K/Akt signaling.
Several ginsenosides in PNS are potential phytoestrogens, and structurally and functionally similar to 17β-estradiol [49] . Previous studies have demonstrated that estrogen receptor is related to the activation of PI3K/Akt signaling by Ginsenoside Rg 1 , and PI3K/Akt/Nrf2 by Notoginsenoside R 1 or Ginsenoside Rb 1 [50] [51] [52] . Thus, we speculated that the estrogen receptor might be involved in the effects of PNS illustrated above, and further investigations need to be carried out. PI3K/Akt pathway is reported to play an important role in the promotion of cell proliferation and survival [53] , and the regulation of claudin-5 expression [54] . Whether PI3K/Akt is directly involved in the PNS protection of the cell viability and the BBB integrity remains to be studied. What's more, which main components play a major role in the protective effects, and whether different active constituents combinations exist synergistic effects should also be further examined. In addition, the limitation of this research is that whether the signaling pathway can be regulated by PNS under normal culture condition was not confirmed. Moreover, further research direction can also be transferred to determine the protective effects of PNS relating to inflammation, which are resulted from excessive ROS generation as described above. In a word, these in vitro studies supported our hypothesis that PNS protected against OGD/R-induced cerebral microvascular endothelial cell injury and BBB disruption via the activation of Nrf2/HO-1 antioxidant pathway depending on PI3K/Akt signaling.
Materials and Methods
Materials
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Cell Culture
Mouse microvascular cerebral endothelial cells (bEnd.3) (CRL-2299, ATCC, Manassas, VA, USA) were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin and 100 U/mL streptomycin (normal culture medium) at 37 °C under a humidified atmosphere containing 5% CO2. Cells were passaged every 3-4 days until grown to 80-90% confluence. Culture medium was replaced after 24 h of passaging and every 2 days thereafter. Experiments were performed with cells from passages 5 to 25.
Oxygen-Glucose Deprivation/Reperfusion (OGD/R) Insult
To mimic ischemia/reperfusion-like conditions in vitro, we exposed bEnd.3 cells to oxygen-glucose deprivation followed by reperfusion as previously described with modification [11] . In brief, bEnd.3 cells with appropriate confluence were washed three times with PBS, and the normal culture medium was replaced with DMEM medium without glucose. Then the cells were transferred to an anaerobic chamber under 95%N2/5%CO2 (MIC-101; Billups-Rothenberg, Del Mar, CA, USA) and incubated at 37 °C for a specified period of time. Following oxygen-glucose deprivation insult, cells were incubated for another 12 h under normal culture condition.
Drug Treatment
The present study was divided into five groups: (1) Control group, bEnd.3 cells were cultured under normal culture condition for the same period of time with OGD/R insult; (2) Model group (OGD/R group), bEnd.3 cells were insulted by oxygen-glucose deprivation/reperfusion; (3) Low PNS group, bEnd.3 cells were treated with 200 μg/mL PNS for 12 h before OGD; then treated with 200 μg/mL PNS for another 12 h in reperfusion period; (4) Middle PNS group (300 μg/mL PNS); (5) High PNS group (400 μg/mL PNS).
For PI3K/Akt inhibition, the PI3K inhibitor LY294002 (Selleckchem, Burlington, NC, USA) was added to the culture medium 2 h before PNS treatment and together with PNS before OGD/R. Experimental timelines of PNS with/without LY294002 treatment in bEnd.3 cells exposed to OGD/R in different experiments were summarized in Figure 8 . 
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Cell Viability Measurement
Cell viability was measured through MTT assay. In brief, bEnd.3 cells were cultured in 96-well plates and subjected to OGD/R insult or drug treatment as described above. Then, 20 µL of MTT (5 mg/mL; KeyGen Biotech, Nanjing, China) was added and continuously incubated at 37 • C for another 4 h in the dark. The medium was replaced with 150 µL of DMSO to solubilize the purple formazan product with shaking for 15 min. The OD values were measured with a Multiskan Go microplate reader (Thermo, Waltham, MA, USA) at a detection wavelength of 490 nm. Cell viability was expressed as a percentage of the control group.
Cell Cytotoxicity Measurement
Cell cytotoxicity was evaluated through the LDH release assay. Briefly, bEnd.3 cells were cultured in 96-well plates and subjected to OGD/R insult or drug treatment as described above. After treatment, the LDH released from cells was detected using a commercial LDH assay kit (KeyGen Biotech, Nanjing, China) according to the manufacturer's instructions. Absorbance was measured at 490 nm and the LDH release rate was calculated as the followed formula: LDH release rate (%) = [OD (treatment) − OD (blank)]/[OD (maximum) − OD (blank)] × 100%.
Trans-Endothelial Electrical Resistance (TEER) Assay
To evaluate the integrity of the bEnd.3 cell monolayer, the TEER value was measured with a Millipore Millicell ERS system equipped with chopstick electrodes (Millipore, Billerica, MA, USA) as previously described with modification [27] . Briefly, the cells were seeded into the upper 'apical' chamber of transwell inserts (3460; Corning, NY, USA) with the density of 2 × 10 5 cells/well in 0.5 mL DMEM normal culture medium, while 1.5 mL of the same medium was added to the lower chamber to prevent the formation of an oncotic pressure gradient. The TEER values were measured every day with regular intervals until the bEnd.3 cells reached a peak resistance. The values were standardized by the area of the culture inserts and shown as Ω·cm 2 by subtracting the resistance of blank filters (i.e., no cells) from that of the sample resistance.
Paracellular Permeability Measurement
To evaluate the paracellular permeability, diffusion of FITC-dextran (70 kDa; Sigma-Aldrich, St. Louis, MO, USA) across the integrated monolayer was measured as previously described with modification [55] . In brief, following OGD/R injury with/without drug treatment, the inserts were transferred into fresh wells containing pre-warmed HBSS buffer (KeyGen Biotech, Nanjing, China) and washed twice with the buffer. Then FITC-dextran (1 mg/mL) was added to the upper chamber and incubated at 37 • C for 60 min in the dark. Inserts were then removed from the wells and the sample solutions were collected from the lower chamber and transferred into black 96-well plates (3614; Corning, NY, USA). Then, the fluorescence intensity was measured using fluorescence microplate with an excitation and emission wavelength of 485 and 525 nm, respectively. The concentrations of FITC-dextran in the lower chamber were calculated by the calibration curve of the fluorescence units of known FITC-Dextran concentrations and expressed as the percentage of the corresponding normoxic cells.
Determination of Intracellular ROS
The intracellular ROS level in each group was measured by the fluorescent change resulting from oxidation of DCFH-DA (KeyGen Biotech), a fluorescent probe with membrane permeability [56] . After the OGD/R injury or drug treatment, cells were washed with PBS and treated with 10 µM DCFH-DA at 37 • C for 30 min in dark. Then the cells were washed three times with serum-free DMEM to remove the free molecules of the probe. The fluorescent intensity of intracellular ROS was detected by fluorescence microplate (SpectraMax i3x; Molecular Devices, San Jose, CA, USA) and epi-fluorescence microscopy (IX-71; Olympus, Tokyo, Japan). To increase the precision for ROS measurement with fluorescence microplate, DMSO/PBS (90%/10%) was added for cell lysis after the last DMEM wash [57] .
Immunofluorescence Assay
The bEnd.3 cells were cultured in Laser confocal Petri dish until 90% confluence. After the corresponding treatment, the cells were fixed with 4% paraformaldehyde, permeabilized with 1% Triton X-100 and incubated with primary antibody against ZO-1 (1:50), followed by incubation with the secondary antibody of TRITC-conjugated Goat Anti-Rabbit IgG (1:100; ZSGB-BIO, Beijing, China) and 4 ,6-Diamidino-2-phenylindole (DAPI, 1:100; Solarbio, Beijing, China). Immunostaining was examined by a confocal microscope (Olympus).
Western Blot Analysis
After each treatment, the cell pellets were lysed in ice-cold RIPA buffer (Solarbio) containing PMSF. The cell lysates were centrifuged at 12,000 rpm at 4 • C to produce the whole cell extracts, and the protein concentration was quantified using the BCA protein assay kit (Solarbio). Sample loading buffer was added and boiled at 95 • C. Equal amounts of protein were separated on a 10% SDS-PAGE and subsequently transferred to PVDF membranes (Millipore). After blocking with 5% non-fat milk, the membranes were incubated at 4 • C overnight with primary antibodies against ZO-1 (1:300), claudin-5 (1:300) or GAPDH (1:5000), and further incubated with horseradish peroxidase-conjugated secondary antibodies. The protein bands were washed and developed with enhanced chemiluminescence reagents (ECL, Vazyme Biotech, Nanjing, China) and scanned with the Kodak Digital Imaging System. The optical density (OD) values of each band were normalized to GAPDH using Image J software (version 1.37, NIH, Bethesda, MD, USA).
Detection of Nuclear Nrf2 Activity
Nuclear extracts were used to quantify the Nrf2 DNA-binding activity by Nrf2 Transcription Factor Assay Kit (Abcam 207223) using a colorimetric technique according to the manufacturer's instructions. This kit was designed to rapidly quantify the activated Nrf2, which binds to a specific double stranded DNA (dsDNA) containing the Nrf2 response antioxidant response element (ARE) and immobilized to each well of 96-well plate. 
Statistical Analysis
Statistical analysis was undertaken by one-way analysis of variance (ANOVA) with SPSS 20.0 (IBM, Armonk, NY, USA). All results were expressed as mean ± SD from at least three independent measurements and statistical significance was set at p < 0.05.
Conclusions
The present study provided that Panax notoginseng saponins could protect against oxygen-glucose deprivation/reoxygenation-induced injury of cerebral microvascular endothelial cell and disruption of in vitro BBB integrity. The underlying mechanism was relating to the anti-oxidative stress through activation of Nrf2 antioxidant signaling depending on the PI3K/Akt pathway ( Figure 9 ). This study might develop a new application of PNS as an adjuvant therapy for acute ischemic stroke in thrombolytic treatment, to maintain the BBB integrity and further reduce the risk of intracerebral hemorrhagic transformation and brain neuron injury. In addition, PNS have the pharmacological effects of cerebral vasodilation and blood dynamics invigoration, which may further exert the efficacy enhancing and toxicity reducing in the adjuvant therapy of acute ischemic stroke. anti-oxidative stress through activation of Nrf2 antioxidant signaling depending on the PI3K/Akt pathway ( Figure 9 ). This study might develop a new application of PNS as an adjuvant therapy for acute ischemic stroke in thrombolytic treatment, to maintain the BBB integrity and further reduce the risk of intracerebral hemorrhagic transformation and brain neuron injury. In addition, PNS have the pharmacological effects of cerebral vasodilation and blood dynamics invigoration, which may further exert the efficacy enhancing and toxicity reducing in the adjuvant therapy of acute ischemic stroke. 
